Since the mass loss rates are the function of the mean density of the planet and the stellar irradiation, we calculated about 450 models covering planets with different densities and stellar irradiation. Our results show that the mass loss rates are dependent on the stellar irradiation and the mean density. However, the mass loss rates predicted by the energy-limited equation are higher than that of hydrodynamic model when the XUV integrated flux is higher than ∼2×10 Neptune-like and Earth-like planets tend to have weak Lyα absorptions because of their small sizes (or high densities).
Introduction
Exoplanets orbiting close to their host stars are subjected to the intense X-Ray (1∼100Å) and Extreme Ultraviolet (100∼912Å) radiation (hereafter XUV) from their host stars. Due to the intense XUV radiation, gas-rich planets are likely to suffer from hydrodynamic atmospheric escape that would push the gas beyond their Roche lobes (Lammer et al. 2003; Koskinen et al. 2007 . By studying the process of the escape of atmosphere, we can understand the composition and structure of exoplanetary atmosphere.
Understanding such process is also imperative to probe the habitability of exoplanets because water can be lost through hydrodynamic escape (Chassefire 1996; Selsis et al. 2007; Beaulieu et al. 2010; Kopparapu et al. 2013; Dong et al. 2017; Guo 2019) .
Observations among transit systems have revealed excess stellar spectrum absorption apart from the optical occultation by planet itself. The detection in ultraviolet Lyα of hot-Jupiter HD 209458b was the first transit case in which Vidal-Madjar et al. (2003) found a ∼15% Lyα absorption by analysing the data of HST/STIS observations with medium-resolution. The absorption of Lyα was confirmed by Ben-Jaffel (2007 , 2008 , who demonstrated a lower absorption ∼8.9% ± 2.1%. Subsequently, Ben-Jaffel & Hosseini (2010) reanalysed the HST/STIS observations of HD 209458b and proposed the Lyα absorption depth in wavelength range [1212Å, 1220Å] was 6.6% ± 2.3%. However, the optical occultation by HD 209458b is only ∼1.5% (Henry et al. 2000; Charbonneau et al. 2000) . Thus the expanded natural hydrogen around the planet is a good interpretation for the excess absorption. The excess absorption of Lyα has also been detected in HD 189733b and GJ 436b. For HD 189733b, an absorption of ∼5% has been detected by Lecavelier des Etangs et al. (2010 Etangs et al. ( , 2012 and . Observations of warm-Neptune GJ 436b also indicate that it has an expanded exosphere (Kulow et al. 2014) . It was detected that a large comet-like tail of hydrogen was surrounding GJ 436b, and this planet obscured almost 50% about the Lyα of its host star (Ehrenreich et al. , 2015 .
Moreover, Ballester et al. (2007) revealed an excess ∼0.03% absorption in the Balmer jump and continuum from HD 209458b. Jensen et al. (2012) reported the detection of Hα excess absorption for HD 189733, which hints that there are the excited hydrogen atoms in its atmosphere. Recently, Yan & Henning (2018) found the excess absorption of Hα in . Due to the very high temperature of , the excited atoms can produce an extended hydrogen envelope of 1.64 planetary radius, which implies the escape of hydrogen. The excess absorptions are also found in helium and heavier elements. Vidal-Madjar et al. (2004) detected O I , C II in the atmosphere of HD 209458b.
Subsequently, Ben-Jaffel & Ballester (2013) also detected oxygen atoms and possibly C II in the upper atmosphere.
Generally, the excess absorptions are attributed to the escape of gas in the extended envelope. Hydrodynamical simulations including the process of radiative transfer and photochemistry are implemented to study the mechanism of atmospheric escape (Yelle 2004; Tian et al. 2005; García Muñoz 2007; Penz et al. 2008; Murray-Clay et al. 2009; Guo 2011 Guo , 2013 Erkaev et al. 2016; Salz et al. 2016; Kubyshkina et al. 2018; Shaikhislamov et al. 2018) , and the observational absorption of Lyα for HD 209458b and HD 189733b can be explained at some extent by such model Guo & Ben-Jaffel 2016; Odert et al. 2019) . On the other hand, it is believed that planetary magnetic field would play an important role in controlling the atmospheric escape (Ekenbäck et al. 2010; Adams 2011; Trammell et al. 2011; Cohen & Glocer 2012; Owen & Adams 2014; Khodachenko et al. 2015; Erkaev et al. 2017; Daley-Yates & Stevens 2019) .
Thousands of exoplanets have been discovered to date, however, only a few among them have been detected undergoing atmospheric escape and most theoretical studies focus on the well-known observed transit systems as mentioned above. It is crucial to find more information about the latent and unexplored atmospheric escape. To explore the properties of the escaping atmosphere, it is necessary to know the dependence of the mass loss rates on the physical parameters of exoplanets since the mass loss rates can describe the levels of the absorption of Lyα in a certain extent (The absorptions also depend on the degree of ionization). The mass loss rates of exoplanet are related to many physical parameters, such as the masses and radii etc. However, at a large extent the mass loss rates are determined by the XUV fluxes received by the planets and the mean densities of the planets, namely, M ∝ Fxuv ρ (Lammer et al. 2003 (Lammer et al. , 2009 ). The equation of energy-limit presented by (Lammer et al. 2003 (Lammer et al. , 2009 ) have been generally used to estimate the mass loss rates. This hints that one can obtain the general trend of mass loss rates if the distributions of XUV fluxes and the mean densities of many planets are known.
In this paper, we aim to compare the properties of atmosphere of exoplanet with different XUV flux and density and inspect whether the energy-limited equation is suitable for them. Furthermore, we investigate the absorption of stellar Lyα by the exoplanets'
atmosphere for a variety of samples ranging from Earth-Like planets to Jupiter-like planets.
As an exploring work, the absorption by interstellar medium is not included because a goal of this paper is to discuss how the stellar Lyα is absorbed by the atmosphere of exoplanet rather than predicting the observable signals. To discuss the properties of atmosphere and the absorption of Lyα by the planetary atmosphere, we select some sample from those planets that have been confirmed (Section. 2.1) and calculate the mass loss rates in a large parameter space. We obtain the XUV spectra by using the method of Sanz-Forcada et al.
(2011)(Section 2.2). The hydrodynamic model and the calculation of Lyα absorption are presented in Section 2.3 and 2.4. In Section 3, we present the results of our selected sample and give a statistical analysis of them. In Section 4, we discuss the limitations of our work.
Finally in Section 5, we summarize the results.
Method and Model

Sample selected
The observations show that the radii of most exoplanets are smaller 2R J (R J is the radius of Jupiter.) (http://exoplanet.eu). Thus, we confined the planets in the range of the radius less than 2 R J . In addition, for exoplanets with high mass their atmospheres can be compact and the escape of species is relatively difficult. We thus set the upper limit of the mass to 2 M J (M J is the mass of Jupiter). Finally, we further selected the sample by their gravitational potentials. The calculations of Salz et al. (2016) found that the hydrodynamic escape of the atmosphere is difficult for the exoplanets with high gravitational potentials (>4×10 13 erg g −1 ), which means that in order to produce the hydrodynamic escape the exoplanets with high mass should have large radius (or relatively low mean densities).
Thus, the gravitational potential of the sample planets are smaller than 4×10 13 erg g −1 .
According to Sheets & Deming (2014) , planets with radii 0.0885-0.177 R J (R J is the radius of Jupiter) are Super-Earths, 0.177-0.354 R J are Mini-Neptunes and 0.354-0.531 R J are Super-Neptunes. In the investigation, we also classified the planets with different sizes.
Specifically, the planets with radius smaller than 0.2 R J are Earth-like planets, 0.2 -0.6 M for Saturn-like and 0.8-1.46 M for Jupiter-like planets. Even though the stellar mass in some Earth-like and Neptune-like systems are relatively small, these systems account for a small proportion in each group.
Based on the conditions above, we selected 90 exoplanets from the real systems (http://exoplanet.eu and https://exoplanetarchive.ipac.caltech.edu/), and some artificially made planets will be added by the real planets. For the sake of a diversity, we investigated planets from Earth-sized to Jupiter-sized. We emphasize that it is not the goal of this paper to predict real mass loss rates and the Lyα absorptions of real planets because the accurate characterizations are difficult due to the lack of some important physical input of the host stars. For example, the XUV spectral energy distributions (SEDs) can not be obtained easily because they can not be well determined from observations due to the obscure of ISM. In addition, the compositions of Earth-like planets can be different from the hydrogen-dominated atmosphere of giant planets. Here we assumed that they hold a hydrogen-rich envelope. The hydrogen of their atmospheres can originate from the dissociation of H 2 O (Kasting & Pollack 1983; Guo 2019) . Furthermore, the hydrogen-rich atmosphere can appear in the early phase of Earth-like planets due to the process of outgassing or accretion (Elkins-Tanton & Seager 2008) . The observational signals in Lyα for Earth-like planets have been discussed by dos Santos et al. (2019) and Kislyakova et al. (2019) .
The left panel of Figure. 1 shows the mass and radius of the sample planets (In the panel log ρ expresses the logarithm of the planetary mean density). One can see that our sample covers various exoplanets ranging from Jupiter-like planets to Earth-like planets. We neglected the Earth-like planets with large radius because such planets may be composed of gas rather than rock. As discovered by Lammer et al. (2003 Lammer et al. ( , 2009 , the mass loss rates are controlled essentially by the XUV flux and the mean density of the planets. Furthermore, 
The XUV spectra of stars
As discussed above, the mass loss rates are related with the properties of planet and the XUV irradiation. It is difficult to obtain the accurate spectra of star because ISM can obscure the EUV emission of the stars. Sanz-Forcada et al. (2011) fitted the observation for late F to early M dwarfs and found that the XUV luminosity (integrated XUV flux received at the planetary orbits) can be depicted by an empirical relation:
with t i =2.03×10 20 L bol −0.65 , where t is the stellar age in Gyr, L euv and L x (erg/s) are the luminosity in EUV band and Xray band, respectively.
This means that the X-ray and EUV integrated fluxes can be obtained if the age of the star is known. In this paper, we only choose the systems with given ages and the ages are obtained from http://exoplanet.eu. Even though the ages usually given with relatively large uncertainties, an accurate age is not necessary because the purpose of the present work is to explore the response of the mass loss rates and the Lyα absorption depth to XUV flux. Thus, the age only provide a XUV flux estimation. In order to simulate the emission the XUV spectra of stellar corona, we used the software of XSPEC-APEC in which the wavelength domain of 1Å to 912Å was used. The free parameters in APEC are metallicity and coronal temperature. We first set the metallicity to solar value (Asplund et al. 2009 ), so the spectra only depend on the coronal temperature. To obtain the XUV spectra of all stars, we calculated lots of spectra by using XSPEC-APEC. By comparing the theoretic and empirical ratio of Lx to Leuv in a given age, the optimum coronal temperatures of the stars can be defined. Finally, the XUV spectra of all stars are obtained by the method. We inspected the profiles of those XUV spectra and found that the β indexes of all spectra are
, for details see Guo & Ben-Jaffel (2016) ). Thus, the influence of the profiles of the XUV spectra is slight (We evaluated the variations of the mass loss rates produced by the different profiles and found the change is smaller than 5%.).
We emphasized that the XUV fluxes obtained by the Equation (1) and (2) can result in deviation for those real planets due to the uncertainties of age and the models. However, the empirical spectra can express the essential feature of those stars. Thus, as a theoretical exploration the spectra can be used to describe the response of the atmosphere of planet on the different levels of Fxuv. In the premise, we will explore how the mass loss rates and the absorptions of Lyα are affected by the XUV flux of the stars and the properties of the planets.
Hydrodynamic simulations
We used the 1D hydrodynamic models (Yang & Guo 2018) to simulate the atmospheric structures of our selected planet sample. Compared to the early models of Guo (2013) and Guo & Ben-Jaffel (2016) , there are two improvements in the model of Yang & Guo (2018) .
First, the former models use the solar EUV (100-912Å) as stellar radiation spectra, while in the later model developed by Yang & Guo (2018) , the radiation spectra expand to XUV
(1-912Å). The photoionization cross sections in X-Ray are smaller than those of EUV, so the heating by X-Ray is not remarkable compared with EUV. However, the photoionization produced by X-ray can be important for heavy elements. Second, the former ones only include hydrogen, helium and electrons, but the later one also includes heavier elements such as C, N, O, Si. To be specific, the later model includes 18 kinds of particles, among which are 7 kinds of neutral particles, 10 kind of ions and electrons. In such condition, the photochemical reactions included photoionization, photodissociation, impact ionization, recombination, charge exchange and other important reactions (Table. 1 ). For more details of the hydrodynamic model, the reader can refer to the papers above.
In the simulations, the metallicities of planets are consistent with those of their host stars. For those planets with unknown metallicities, we used the solar metallicity. In order to express the average of the energy received by the planet over the whole surface, the XUV fluxes are divided by a factor of 4. We choose the outer boundaries to be the host stars' radii for our sample. For the systems whose host stars' radii far exceed the planetary radii (such as Earth-like planet), the calculating outer boundaries are set to 15 times the planetary radii. In order to cover the surface of the host stars, the results are extrapolated to the radii of their host stars. Verner et al. (1996) N + hν → N + + e Verner et al. (1996) O + hν → O + + e Verner et al. (1996) Si + hν → Si + + e Verner et al. (1996) Si Verner et al. (1996) 
Theard & Huntress (1
Yelle ( 
Radiative transfer
In order to calculate the absorption of stellar Lyα by the atmosphere of the planets, the radiative transfer equations are as following
Finally, the absorption depth by the planet and its atmosphere can be expressed as
In equation (3)- (5), F in is the incident intrinsic stellar flux (note that it is different from stellar Fxuv.) F out is the emergent flux due to the occultation by planets and the absorption by their surrounding atmospheres along the ray path. In the radiation transfer equations, the factor τ represents the optical depth, which is dependent on the atmospheric structure and directly pertaining to the particles' number density n and cross section σ.
Cross section-Lyα
Lyα absorption occurs in a hydrogen atom when an electron absorbs 10.2 ev energy and jumps from n=1 level to n=2 level, where n is the quantum number. The cross-section of Lyα absorption can be evaluated via,
in cm 2 , where e is the elementary charge of an electron, m e is the electronic mass, f 12 is the oscillator strength, which is 0.4162 at 1215.67Å (Mihalas 1978) . φ ν is the Voigt profile, which combines Doppler and Lorentz profiles. The Voigt profile is related to Voigt function H(a,u) through the following equations (Rybicki & Lightman 2004) ,
where a is the damping parameter and u is the frequency offset, ν 0 is the line center frequency, ∆ν D (assuming no turbulence) is the Doppler width, and Γ is the transition rate.
Here we set the damping parameter a to be 4.699 × 10 −4 . 
here ρ and υ are the density and the velocity of the escaping particles.
In addition, the absorbed XUV irradiation is converted into heat and does work on the particles of the atmosphere to overcome the gravitational potential and supply the particles' kinetic and thermal energy. According to Erkaev et al. (2007) and Lammer et al. (2009) , the mass loss rates can be expressed aṡ
where R xuv is the XUV absorption radius (at which the mean optical depth is 1). η is the heating efficiency, which is the ratio of the gas heating energy to the whole XUV energy 
When the effect of stellar tidal force is included, ∆φ = (Erkaev et al. 2007 ).
Therefore the energy-limited equation can be further expressed aṡ
where β xuv is the ratio of XUV absorption radiu to planetary radius.(Here we use the subscript xuv to distinguish it from the spectral index β.) ρ is the planetary mean density and G is the gravitational constant. K(ξ) is the potential energy reduction factor due to the stellar tidal forces (Erkaev et al. 2007) ,
with
where M p and M are the planetary and stellar masses, a is the separation between planet and its host star, R p is the planetary radius. By comparing Equation (12) and Equation (14), one can found that the energy-limited formula can be revised by the terms of the kinetic and thermal energy. In the paper, the Equation (12)is defined as revised energy-limited formula. We will discuss the effect of the kinetic and thermal energy in Section 3.1.2.
The energy-limited equation hints that the mass loss rates are the function of the XUV flux and the mean density. Figure. stars. The effect of tidal force has been discussed by Erkaev et al. (2007) who found that the tidal forces of star can enhance the mass loss rates. Thus, we will discuss the first two factors below.
The heating efficiency and the XUV absorption radius
A main factor in determining the mass loss rates is the heating fraction of the XUV radiation. The net heating efficiency η is defined as:
where F ν is the input XUV energy at frequency ν, H heat and L cooling are the radiative heating and cooling, respectively. We calculated the heating efficacy of our ∼ 400 planets and found that the heating efficiencies are insensitive to an individual parameter, but it is dependent of the product of the XUV flux and the gravitational potential (hereafter E a r t h -l i k e p l a n e t s N e p t u n e -l i k e p l a n e t s S a t u r n -l i k e p l a n e t s J u p i t e r -l i k e p l a n e t s m a s s l o s s r a t e ( g / s ) E a r t h -l i k e p l a n e t s N e p t u n e -l i k e p l a n e t s S a t u r n -l i k e p l a n e t s J u p i t e r -l i k e p l a n e t s m a s s l o s s r a t e ( g / s ) m e a n d e n s i t y ( g / c m 3 ) Fig. 3. -The mass loss rates of planets with different density. Cross: Jupiter-like planets.
Triangles: Saturn-like planets. Circles: Neptune-like planets. Squares: Earth-like planets.
⊕: the mass loss rates calculated by using the energy-limited equation.
log(F xuv GM p /R p )). The left panel of Figure. 4. shows the heating efficacy with respect to log(F xuv GM p /R p ). The triangles represent the planets with gravitational potential lower than 1.5×10 13 erg g −1 and the cross (plus sign) are planets with gravitational potential higher than 1.5×10 13 erg g −1 . For planets with gravitational potential smaller than 1.5×10 13 erg g −1 , we can see from this figure that the larger the log(F xuv GM p /R p ), the higher the heating efficiency η. For the planets that concentrate on the range of 14 < log(F xuv GM p /R p ) < 16, the heating efficiencies of most planets are lower than 0.3. Only a few planets appear higher heating efficiency. When 16 < log(F xuv GM p /R p ) < 18, the heating efficiency rises from about 0.13 to 0.45. For planets with log(F xuv GM p /R p ) larger than 18, η varies in the range of 0.3-0.45. The appearance of η is, however, different for the planets with relatively large gravitational potential (the cross in Figure. 4 ). In fact, the gravitational potential makes a separation to the η. We can see from the left panel of Figure   . 4 that the heating efficiency is generally lower for the planets with very large gravitational potential compared to those with relatively small gravitational potential. We further showed the dependence of η on the gravitational potential in the right panel of Figure. 4.
For the planets with relatively small gravitational potential, the heating efficiency can vary a factor of 9 and appear an increasing trend with the increase of gravitational potential. At the same time, the values of η express a transition around ∼ 1×10 13 erg g −1 above which the heating efficiency decrease with the gravitational potential. Such behavior causes the lower mass loss rates for some Jupiter-like planets. As shown in Figure. 2, we found that there are some Jupiter-like planets of which the mass loss rates deviate from the general trend. They are generally smaller than the mass loss rates of other Jupiter-like planets and even smaller than those of some Neptune-like and Earth-like planets. The mass loss rates are related to the mean densities. For such planets, their mean densities are around 1 g/cm 3 . The higher mean densities result in the decrease of a factor of a few for the mass loss rates comparing with those of Jupiter-like planet with lower mean densities. At the same time, these planets all have relatively large gravitational potentials (> 1.5×10 13 erg/g) which leads to the relatively small heating efficiency η (most are in the range of 0.05-0.1).
Therefore, for these planets the mass loss rates could be about 10 times lower than that of other Jupiter-like planets. We also note that Salz et al. (2016) found a rapid decrease of the evaporation efficiencies (By assuming heating efficiency η=1 in calculating the mass loss rates predicted by the energy-limited equation, they defined evaporation efficiency
and found η=1.2 η eva .) when the gravitational potential is higher than ∼ 1.3×10 13 erg g −1 , which is similar with our results. However, we did not find the linear dependence of η on the gravitational potential when the values of gravitational potential are lower than ∼ 1.3×10 13 erg g −1 ( Figure. 2 of Salz et al. (2016) ). Our calculations based on a larger sample suggest that the heating efficiency can vary a factor of a few even if the gravitational potentials of the planets are same.
Furthermore, one needs to know the mean XUV absorption radius R XU V in order to calculate the mass loss rates predicted by the energy-limited equation. Here R XU V is defined as:
In Equation (16), R ν (τ ν = 1) is the radius where the optical depth at frequency ν is unit.
F ν is the XUV flux at frequency ν. We calculated the XUV absorption radius by equation (16) Compared to the Earth-like planets, the R XU V of larger planets such as Jupiter-like planets could decrease by a factor of 1.5. . This is reasonable because for these planets the gravitational potentials are so low that the atmospheres can expand to higher altitudes to absorb the stellar XUV irradiation.
In Figure. 6a and 6b we compared the mass loss rates predicted by our hydrodynamic model(y-axis) and the Equation (12) and (14)(x-axis). The mass loss rates of Equation (12) and (14) are calculated by using our β XU V and η. The mass loss rates in Figure. 6b are corrected by the kinetic and thermal energy of the escaping atmosphere (Equation.
12). Different symbols represent the mass loss rates of different types of planets. Before correcting for the kinetic and thermal energy of the escaping atmosphere (see Figure .6a ), the hydrodynamic mass loss rates are basically consistent with that of the energy-limited when the mass loss rates are lower than a "critical value" for different type of planets.
For Earth-like and Neptune-like planets, it is about 10 10 -10 11 g/s. For Saturn-like and Jupiter-like planets, it is about 10 11 -10 12 g/s. By comparing with Figure. show the influence of the kinetic and thermal energy in Figure. 6b. After correcting for the kinetic and thermal energy of the escaping atmosphere, the mass loss rates of our model are generally consistent with that predicted by the revised energy-limited equation (Equation (12)) for all kinds of planets.
The uncertainties of the mass loss rates obtained from the energy-limited formula are mainly attributed to the unknown heating efficiencies and the absorption radii of the XUV irradiation. Many studies have applied the fixed heating efficiencies for some types of planets. In our study, the heating efficiencies are different for different planets even if they are same types of planets. At the same time, the absorption radii also vary with the physical parameters of planets ( Figure. 5 ). In Figure. 6a and 6b, we used the heating efficiencies and the absorption radii of our hydrodynamic models to remove the uncertainties. However, the deviations are still evident for the energy-limited case. This highlights the importance of kinetic and thermal energy in using the energy-limited equation. As shown in Figure. 6a and 6b, a portion of the energy of XUV irradiation is converted the kinetic and thermal energy of the escaping atmosphere. Neglecting the kinetic and thermal energy will result in an overestimation to the mass loss rates when the energy-limited formula is used. We further show the dependence of the kinetic and thermal energy to the planetary parameters in the Figure. 6c. It is clear that the sum of the kinetic and thermal energy increases with the increase of log(F xuv GM p /R p ). The increasing trend is obvious for all types of planets although there is a relatively large spread for Earth-like planets and Jupiter-like planets.
Finally, We show the ratios of the kinetic and thermal energy to the gravitational potential in Figure. 6d. The ratios are smaller than unit when log(F xuv GM p /R p ) is smaller than 16.
With the increase of log(F xuv GM p /R p ), the ratios become greater than unit for most of Earth-like planets and Neptune-like planets while the ratios are still smaller than unit for most of Jupiter-like planets. The ratios of Saturn-like planets express a mixed variation for the case of high log(F xuv GM p /R p ). Same trend also appears in the Figure. 6a. The mass loss rates of Jupiter-like planets predicted by the energy-limited formula are more consistent with that of hydrodynamic model because the gravitational potential is dominant. For smaller planets, the deviation of the mass loss rate becomes obvious with the increase of the mass loss rate. Thus, the results obtained from the energy-limited formula should be revised by the kinetic and thermal energy of the escaping atmosphere, especially for those planets with high F xuv GM p /R p .
The dependence of the absorption depth of Lyman α on F XU V and ρ
We calculated the absorption of stellar Lyα by using our sample and found that the excess absorption levels of Lyα could be higher if the planets have lower mean densities and relatively higher integrated Fxuv. To specify, Figure ( a ) E a r t h -l i k e p l a n e t s N e p t u n e -l i k e p l a n e t s S a t u r n -l i k e p l a n e t s J u p i t e r -l i k e p l a n e t s m a s s l o s s r a t e ( e l ) ( g / s ) E a r t h -l i k e p l a n e t s N e p t u n e -l i k e p l a n e t s S a t u r n -l i k e p l a n e t s J u p i t e r -l i k e p l a n e t s 
( k i n e t i c + t h e r m a l e n e r g y ) / g r a v i t a t i o n a l p o t e n t i a l e n e r g y l o g ( G M p / R p * F l u x ) ( e r g 2 / g / c m 2 / s ) The absorption levels are proportional to the mass loss rates. We showed the absorption of [-150,-50]∪[50,150] km/s in Figure. 8. It is clear form Figure. 8 that higher absorption levels correspond to higher mass loss rates. For instance, the absorption depths of most planet can attain 1% if the mass loss rates are higher than 10 10 g/s. For the planets with the mass loss rates higher than 10 11 g/s, the absorption level can attain 10% or higher. In the cases of the mass loss rates lower than 10 10 g/s, most planets appear low absorption level except a few planets. Finally, the absorption can be neglected if the mass loss rates are lower than 10 9 g/s.
4. Discussion
The fit to the parameters of the (revised) Energy-limited equation
The (revised) energy-limited equation is a convenient way to evaluate the planetary mass loss rates (Lammer et al. 2003) . In fact, Figure. 2 and Figure. 3 can be explained at a certain extent by the energy-limited assumption. However, it is not easy to evaluate the planetary mass loss rates by using Equation (12) and Equation (14) because the values of β xuv and η must be specified. For convenience, one only needs to know the product of β 2 xuv and η in evaluating the mass loss rates. Therefore, we fitted the parameters β 2 xuv η for the planet with the gravitational potential smaller than 1.5×10
13 erg g −1 . The planets are classified into four categories by their gravitational potentials. We used different functions to fit the values of β 2 xuv η and showed the fit in Figure. 9. The fit of β 2 xuv η to log(GM p F xuv /R p ) can be expressed as : 
where θ=log(GM p F xuv /R p ).
When the GM p /R p *F XU V is given, there is a trend that the values of β 2 xuv η decrease with the increase of gravitational potential except the third group. We found that the distributions of β 
The influence of the outer boundary on absorption depth
In the simulations, the atmospheric outer boundaries of planets are set to equal the stellar radii. However, the real boundaries can not be determined well because the atmosphere of planet can be constrained to a few or tens planetary radii by the stellar wind. For planets with the size of Jupiter, the total pressure of the stellar wind can be balanced at about a few planetary radii by the ram pressure and the thermal pressure of planet (Murray-Clay et al. 2009 ). Thus, the outer boundaries can roughly be denoted by the radius of host star. However, the calculating outer boundaries of the Earth-like planets could be far larger than their real boundary or magnetosphere due to the decrease of planetary pressure with the increase of radius. Here we inspected the dependence of the absorption of Lyα on atmospheric outer boundaries by some planets of our sample. The effect of outer boundary on the Lyα absorption is shown in Figure. 11. In the left panel of Figure. 11, we investigated the cases of Jupiter-like and Saturn-like planets. The right panel showed the dependence of the absorption on outer boundary for Neptune-like and Earth-like planet.
As we can see, both the absorptions increase with the increasing atmospheric boundaries. For most Jupiter-like planets, the increase is prominent with the increase of outer boundary so that the maximum absorption can attain 30%-50%. For the planets with the size of Neptune and Earth, the absorptions produced within 10 R p are smaller than 10% (even the absorptions of some Earth-like planet are negligible). With the increase of the radii, the absorption of some planets can attain 15%. If the real boundary or magnetosphere of Earth-like planet are smaller than the radii of their host stars, this hints that the absorptions of Earth-like planets in Figure. 7 can be overestimated. In addition, the absorptions of some Earth-like planets are almost insensitive to the outer boundary.
As shown in the right panel of Figure. 11, the increase of a factor of a few in the outer boundary only results in a few percent raise in Lyα absorption. Compared to the case of Jupiter-like planets, it is obvious that detecting the absorption signals of Lyα in Earth-like planets is not easy.
The limitation of this work
In our work, the mechanism of atmospheric escape is thermal escape due to intense stellar XUV radiation. We account for the photochemical interactions of planetary particles. However, other aspects such as the influence of interplay between stellar wind and planetary wind and the impact of planetary magnetism are not taken into consideration.
Moreover, this work is based on 1D simulations of hydrodynamic atmospheric escape. For tidally-locking planets, the results may lead to some deviation. Therefore, in our future study, we are going to take these factors into account. Furthermore, in this paper, we only focus on the absorption of Lyα by the atmosphere of planet. It is the first step towards predicting the observable signals because we do not include the influence of charge-exchange and the extinction of ISM. In addition, an accurate XUV spectra is also needed if the observable signals of some special targets need to be known. Finally, the excess absorption depth of stellar Lyα by planetary atmosphere we predicted here can provide some clues for future observations.
Summary
In this paper, we investigated about 450 transit systems. We obtained the atmospheric structures of our selected planets based on our 1D hydrodynamic atmospheric escape simulations (Guo 2011 (Guo , 2013 Guo & Ben-Jaffel 2016; Yang & Guo 2018 ) and simulate the absorption of stellar Lyα by these planets' atmosphere. Based on the simulations, we found that the mass loss rates are dependent of the mean density and the XUV irradiation. Our results suggest the energy-limited assumption reflects the essential physics of the hydrodynamic escape of the atmosphere. However, the energy-limited equation can overestimate the mass loss rates due to the neglect of the kinetic and thermal energy of the escaping atmosphere. We found that the overestimation is prominent for planets with smaller sizes. For Jupiter-like planets, the deviation of the mass loss rates are lower due to their large gravitational potential. By correcting the kinetic and thermal energy and using the heating efficiency and the absorption radius of XUV irradiation of our hydrodynamic model, the results of our hydrodynamic mass loss rates are consistent with those of revised energy-limited equation. We calculated the heating efficiency and XUV absorption radius for each planet. The heating efficiency are almost proportional to the logarithm of the product of the XUV flux and the gravitational potential(i.e., log(F xuv GM p /R p )). The R XU V tended to be higher when the planetary radii and masses are smaller. Finally, in order to use the energy-limited equation easily we fitted the β 2 XU V η by using our results.
In addition, we obtained some statistical properties about the distribution of the Lyα absorption depth. We found that the absorption depth would be larger if the planetary mean densities are lower and the integrated XUV Flux are higher. This means that the planets with lower mean densities and subjected to more intense Fxuv are likely to increase their excess absorption depth. Moreover, different absorption levels could be approximately divided by different mass loss rates. The higher the mass loss rates, the higher the absorption depth. The obvious absorptions will appear when mass loss rates are higher than 10 11 g/s. For the case of lower mass loss rates, the absorption decreases to a low level. Finally, the strong absorption levels appear in the planets with large size, which can be attribute to the higher mass loss rates of those planets. 
